. The solution-processed amorphous-GTO-TFTs would promote the development of low-consumption, low-cost and high performance In-free TFT devices.
INTRODUCTION
Amorphous oxide semiconductors (AOS) are achieving attention over amorphous silicon and low-temperature polycrystalline silicon (LTPS) recently [1] . In 2 O 3 , ZnO and SnO 2 based semiconductors are promising candidates for information displays [2] [3] [4] . Particularly, mass production of amorphous-InGaZnO (a-IGZO) panel has been realized. However, In is a rare element (0.25 ppm) in the earth's upper continental crust, prompting researchers to exploit In-free materials [5] . As for Zn-Sn-O (ZTO) [6] and ZnON [7] , weak Zn-O bonds in their lattice lead to instable thin film transistor (TFT) devices [8] . Hence, SnO 2 based semiconductors are emerging as promising channel materials. In the SnO 2 -based channels, Sn 4+ with a 4d 10 5s 0 electronic configuration can contribute to the high mobility, which is similar to the 5s orbital of In 3+ (IGZO) [9] . In 3+ may be replaced by Sn 4+ in TFTs to avoid high fabrication cost. In the last few years, Yang et al. [10] [11] [12] prepared high performance SnO 2 -based TFTs by radio-frequency (RF) magnetron sputtering. It is well known that ion bombardment and incorporation results in a large number of defects in the films [13] . In addition, in the sputtering process, multi-metal thin film probably has different composition from the target due to preferential sputtering, especially for IGZO [14] . Therefore, more researchers are turning to solution process method for realizing low-cost electronics. Recent reports [15, 16] showed solution processed SnO 2 TFTs have better performance than vacuum based devices. Pure SnO 2 films tend to crystallize, which does not lead to the uniformity for TFT devices. Besides, high carrier concentration in pure SnO 2 also affects the electrical performance of devices, such as stability and current on-off ratio (I on /I off ).
From the periodic table of elements, it can be found that the similar ion radius of Ga (0.62 Å) and Sn (0.69 Å) may reduce structural defects in the Ga-doped SnO 2 system. In the previous reports [17, 18] , Ga is an oxygen vacancy inhibitor and can weaken the crystallinity of films. Recently, Matsuda et al. [19] reported RF magnetron sputtered a-GaSnO (GTO)-TFTs with high mobility of 25.6 cm 2 V −1 s −1 at 350°C. Zhang et al. [20] reported nanocrystalline Ga-rich GTO-TFTs with mobility of 1.03 cm 2 V −1 s −1 at 900°C. The high annealing temperature is not compatible with high-k dielectric and flexible substrates.
In this paper, solution-processed a-GTO-TFTs with various Ga content and under different annealing temperatures are investigated. The stability of the optimum device is evaluated. Based on these results, a-GTO-TFTs with Al 2 O 3 high-k dielectric layer show high mobility and low operation voltage. 
EXPERIMENTAL SECTION

RESULTS AND DISCUSSION
Fig . 1a shows the TGA curves of Al 2 O 3 and 20 at.% GTO gels where the initial weight loss below 130°C is due to the evaporation of 2-methoxyethanol (gray region). The gradual weight loss up to 400°C for Al 2 O 3 gel is ascribed to the evaporation of the bound water and the decomposition of nitrate groups (yellow region) [21] . For GTO gel, condensation process gradually leads to a network of Ga-Sn-O bonds with increasing temperature (yellow region) [20] . shows the XRD patterns of GTO thin films on glass substrates annealed at 350°C with Ga content from 0 to 50 at.%. The pure SnO 2 film shows a weak peak at 2θ=37.9°, representing (200) crystal planes of cassiterite SnO 2 (JCPDS No. 41-1445) [22] . The poor crystallinity may be due to a low temperature. It is reported that SnO 2 films present obvious polycrystalline peaks at the temperature above 350°C [16] . However, the unobvious peak after doping 10 at.% Ga indicates that Ga can inhibit the crystallization of SnO 2 lattice. As the Ga content increases to 20 and 50 at.%, GTO thin film becomes amorphous. The degradation of SnO 2 thin film crystallinity may derive from the induced stress and the distortion of structures [18] . Due to ionic radius difference, Ga 3+ may occupy Sn 4+ sites in GTO films.
Optical spectra of GTO films demonstrate the transmit-tance more than 95% from 400 to 700 nm (Fig. 1c) . The optical bandgap (E g ) of GTO films, calculated from the formula: (αhν) 2 =A(hν-E g ), where α is absorption coefficient, is around 3.87 eV. This value is larger than that of IGZO films (3.17-3.38 eV), indicating their excellent optical performance [23] . We do not observe the obvious red shift of bandgap after Ga incorporation which is consistent with a previous report [17] .
The concentration of oxygen defects plays an important role in determining the carrier concentration of oxide semiconductor thin films, and thus affects the electrical performance of TFTs including mobility (μ) and threshold voltage (V th ). Hence, XPS measurements were conducted to reveal the chemical information of GTO channels, as depicted in Fig. 2 . The binding energies (BE) of all elements were calibrated with reference to the C 1s line at 284.6 eV for charge shift effect. In Fig. 2a Oxygen defects related to carrier concentration can be modulated by altering annealing temperatures and doping contents. The O III component decreases from 22.5% to 10.9% when the temperature increases from 300 to 400°C. OH-related species become heavily oxidized at high temperature in accordance with the TGA results. O I component slightly decreases (53% to 47.5%) as the temperature increases, leading to the loss of metal atoms during the high temperature treatment [26] . It is well known that the adequate amount of carriers in the channel layer is beneficial to the off-operation mode of normal TFTs. Nevertheless, excess carriers will make channels difficult to be depleted [27] . Consequently, the excess electrons in the conductive SnO 2 thin film must be inhibited to achieve the enhancement-mode TFT device. The Sn 3d peaks at 486.4 (Sn 3d 5/2 ) and 494.8 eV (Sn 3d 3/2 ) [20] do not obviously shift after Ga incorporation, indicating the oxidation state of Sn element is not affected evidently, as shown in Fig. 2b . The shift of~0.3 eV to higher BE of Sn 3d shows more metal bonds in 50 at.% GTO film as evidenced in O 1s peak. The BE range for Sn 4+ ions is 486-487.1 eV [28] . From Fig. 2c , Ga 3d peaks are located at 20.2 eV [20] . The Ga and Sn orbital peaks in the full spectra (Fig. S1 ) indicate the successful fabrication of GTO thin films lays the foundation for the subsequent fabrication of TFT devices. AFM images of GTO channels are shown in Fig. 3 . No evident grain accumulation on GTO channels may be responsible for the weak crystallization or amorphous state. The root-mean-square (RMS) roughness of 0.237, 0.300, 0.239 and 0.252 nm for the samples with 0, 10, 20 and 50 at.% Ga, respectively, indicates that Ga doping exerts no obvious effects on the surface undulation. It is well known that low RMS roughness reduces carrier scattering and ensures the high performance of TFTs [29] . This may be due to the small radius difference between Ga 3+ and Sn 4+ . Based on above results, bottom-gate top-contact TFTs were fabricated with GTO thin films. The top view of channels is shown in Fig. 4a. Fig. 4b shows the FE-SEM cross sectional image of the 20 at.% GTO-TFT. The thicknesses of GTO layer and ITO electrode are about 35 and 50 nm, respectively. The corresponding EDS pattern of the thin film indicates the uniformity of elements distribution (Fig. S2) . I-V curves were carried out to test the electrical contact properties of GTO-TFTs with different Ga contents (Fig. 4c, inset: test schematic) . Linear dependence in positive and negative bias voltage ranges demonstrates the low-resistance contact between ITO electrodes and GTO thin films, which indicates ohmic contacts [30] . The typical transfer curves of samples with different annealing temperatures and Ga doping contents are shown in Fig. 4d and 4e . The detailed device parameters calculated from transfer characteristic curves are shown in Table 1 . The field effect mobility (Fig. S3) . From Fig. 4d , it can be seen that GTO devices with superior performance can be formed at 350°C. Nevertheless, low annealing temperature will lead to poor mobility and large SS. It is reported that the degree of oxygen defects generation is dependent on the annealing temperature which affects the electron concentration in channels, which has been elucidated by XPS results [32] . It is reported that electron transport in AOS semiconductors is predominant by hopping percolation mechanism and accelerated with increasing electron concentration [33, 34] . Although the GTO3-TFT (Table  1 ) has higher mobility than those annealed at lower temperature, its SS deteriorates and V th shifts to the more negative values, leading to high energy consumption. From Fig. 4e , as Ga doping content increases from 0 to 20 at.%, the off-state current decreases from 3×10 −5 to 4×10 −11 A, which demonstrates that Ga element acts as the carrier inhibitor in the GTO system. It is also known that a larger metal ion electronegativity (χ z ) difference will control the oxygen defects more effectively [35] . The electronegativity difference of Ga(3+) (1.756) and O (3.61) is slightly more than that of Sn(4+) (1.824) and O, leading to carrier suppression effect [36] . It is worth noting that Shin et al. [37] also observed the charge carrier suppression effect in GTO-TFTs fabricated via cosputtering method. Nevertheless, oxygen chemical states are unknown in channel layers. When Ga content increases to 50 at.%, the mobility degrades seriously as I on decreases and V th also shifts more positively. From above results, the appropriate doping level in our experimental conditions is 20 at.%. The μ FE , SS, V th and I on /I off are 6.8 cm 2 V −1 s −1 , 0.9 V dec −1 , 0.7 V and 2.1×10 6 , respectively, in enhancement mode, demonstrating the reliability of these solution-processed GTO channels in the fabrication of TFTs on SiO 2 substrates. Fig. 4f shows the typical output characteristic curves of the optimized TFT (GTO6, see Table 1 ) which exhibits the hard saturation at V D =20 V.
To our knowledge, there are almost no reports about the stability of solution processed SnO 2 based TFTs. The stabilities of TFTs are crucial to the application of display backplanes such as AMLCDs and AMOLEDs. Fig. 5a shows clockwise hysteresis characteristic of GTO6-TFT at V DS =1 and 10 V. The hysteresis voltage shift is about 9.2 V at V DS =100 nA. Positive bias stress (PBS) and negative bias stress (NBS) tests were carried out at bias voltages of +20 V and −20 V for 1,200 s ( Fig. 5b and 5c ). In the PBS test, the V th positively shifts by~6.6 V which is larger than that of sputtered GTO-TFTs under the same stress time [19] . We can observe a slightly decreased SS with the extension of time because more interface states are filled during PBS process [38] . On the other hand, it is reported that the electric field applied in the channel layer can result in the adsorption of O 2 (acceptor) and desorption of adsorbed H 2 O (donor) which can reduce electrons in the channel layer [39] . Both mechanisms can contribute to the positive V th shift. Besides, the V th negatively shifts by~6.4 V under NBS after the device is stressed 1,200 s, which can be explained by the H 2 O adsorption mechanism [40] . In this case, the mechanism can be expressed by H 2 O+h + =H 2 O + where h + and H 2 O + are holes in the channel layer and water molecules positively charged on the back surface of channel layer. Although GTO-TFTs have been fabricated by solution process on SiO 2 substrates successfully, they are confronted with many challenges such as low mobility, high SS and instability, making them insufficient to be put into practice. In order to improve the a-GTO-TFT performance, SiO 2 was replaced by Al 2 O 3 thin film as the dielectric layer. XRD pattern of Al 2 O 3 thin film exhibits its amorphous state (Fig. 6a) . The RMS roughness of 0.16 nm in the area of 5×5 μm 2 can be derived from the AFM image of Al 2 O 3 thin film. The leakage property of Al 2 O 3 thin film with the thickness of~30 nm is shown in Fig. 6b . It can be obtained that the breakdown field strength of 4.4 MV cm −1 ensures the reliability of Al 2 O 3 dielectric.
It is acknowledged that electrical double layer formed in the solution-processed metal oxide gate dielectrics will lead to higher capacitance [41, 42] , as shown in the inset of Fig. 6b . Because TFTs were measured in direct voltage, the capacitance per unit area of 257 nF cm −2 linearly extrapolated to 1 Hz (not the actual value) was adopted for mobility calculation to avoid the overestimation [43] . Based on these results, the relative dielectric constant (ε r ) of Al 2 O 3 thin film, calculated from ε r =C ox d/ε 0 where d is the thickness, C ox the capacitance per unit area, ε 0 the vacuum dielectric constant, is about 8.7. This value is lower than the theoretical value of 9 due to the holes in ) and V th (0.62±0.3 V, 0.71±0.3 V) for two batches of GTO-TFT arrays demonstrate the device fabrication are reproducible. In particular, the low SS closing to the roomtemperature limit, 60 mV dec −1 , is attributed to the high quality interface [45] . ) [46, 47] . This may be attributed to the higher viscosity of 2-methoxyethanol than that of water which will form more compact sol films under the strong centrifugal force. It is worth notiing that the hysteresis property of our GTO-TFT is better than that of the pure SnO 2 thin film transistor derived from metalorganic precursor [15] . According to the previous report [48] , a clockwise hysteresis behavior is induced by electron trapping at the acceptor-like trap states in Al 2 O 3 bulk or at the GTO/Al 2 O 3 interface. The smaller N t than that of SiO 2 device (1.04×10
12 cm −2 ) may result in better hysteresis property. Research shows that the mobility enhancement for high-k Al 2 O 3 dielectric is related to the atomic clean interface and low trap density [49] . Furthermore, the enhancement may be ascribed to the presence of trapped electrons in the solutionprocessed high-k dielectrics [50] . Fig. 6d shows the corresponding output curves which exhibits excellent electron modulation capacity and hard saturation property. The device parameters are detailed in Table 1 . The PBS (+2 V) and NBS (−2 V) stabilities of GTO-Al 2 O 3 devices are shown in Fig. 6e and 6f . It can be seen that the V th shift of GTO-Al 2 O 3 device under 1,200 s stress is only 0.53 V and 0.1 V for PBS and NBS tests, respectively, which is better than SiO 2 device, indicating the remarkable improvements of stabilities of the GTO device. It is reported that the origin of PBS instability of TFTs is trapped charges at the localized states at the semiconductor/sol-gel-Al 2 O 3 interface [51] . Besides, we studied the stability of IZO-based and GTO channels which shows potential application (Table S1 ). In AOS materials, electron transport is governed by thermally activated electron hopping [33] . Fig. 7 shows energy-band diagram where localized states represent disordered metal ions. When an external electric field is applied, electrons will flow from a low energy band to a high energy band by "variable-range-hopping (VRH) percolation model" [33] . According to the VRH model, the μ FE of amorphous TFTs strongly depends on the gate capacitance variation which can be expressed by the reduced formula
. Compared with the a-GTO-SiO 2 device, the significant mobility enhancement is also attributed to the increase of gate capacitance (12.8 
CONCLUSIONS
In this study, solution processed GTO thin films were applied in the fabrication of GTO-SiO 2 -TFTs. 
